Amorphous hydrogenated silicon carbide (a-SiC x :H) could be used as a passivating layer in solar cell configuration. We have deposited a-SiC x :H by plasma enhanced CVD on polished silicon wafers. Si-rich a-SiC x :H allows to reach a surface recombination velocity of 7.5 cm.s -1 . The hydrogenation of silicon surface dangling bonds and the electrical field-effect near the interface are analyzed by minority carrier lifetime and C(V) measurements and additional FTIR and XPS spectroscopy . The fixed charges within the layers are found to be amphoteric. The interface trap density increases with carbon content in a-SiC x :H because of a lower hydrogen content at the a-SiC x :H/Si interface. The polarity of the fixed charge is depending on the presence of a metallic contact. As a-SiC x :H may be considered as a semiconductor, the a-SiC x :H/c-Si interface is in inversion regime at equilibrium inducing a band bending and accumulation when adding a metallic contact.
Introduction
Nowadays, efforts are made to reduce the manufacturing costs and to improve solar cell performances. The thinning of silicon solar cells leads to a greater impact of the surface properties compared to the volume ones. Attention must be thus paid to the surface passivation at the front and the rear side of the solar cell. Amorphous hydrogenated silicon carbide (a-SiC x :H) may be an interesting alternative for the back surface passivation.
The surface passivation properties of a-SiC x :H deposited by radio-frequency plasma enhanced chemical vapor deposition (RF-PECVD at 13,56 MHz) have been previously reported by I. Martin et al. on a ptype doped [1] and n-doped [2] crystalline silicon substrate. They found a surface recombination velocity which was lower than 30 cm.s -1 on p-type silicon and 54 cm.s -1 on n-type silicon. In ref. [2] , the amphoteric nature of the fixed charge within a-SiC x :H is highlighted. Our work consisted in optimizing the deposition of a-SiC x :H for passivation of silicon solar cells, using low frequency PECVD. The layers were then characterized electrically and with minority carrier lifetime measurements. Emphasis is put in the present article on the surface passivation capabilities of a-SiC x :H.
Experiments
a-SiC x :H layers were deposited on c-Si wafers, Float-Zone quality, (100)-oriented wafers with both nand p-doping type with a resistivity comprised between 2 to 5 .cm, using a semi-industrial RF-PECVD reactor (440 kHz) from SEMCO Engineering [3] . The samples were cleaned before deposition using CARO chemical cleaning and an HF dip. The temperature of deposition was 370°C, the pressure in the reactor 1500 mTorr and the plasma power density was 0.052 W.cm -2 . Precursor gases were silane (SiH 4 ) and methane (CH 4 ). The varying parameter between the samples was the carbon proportion, related to the variation of the precursor gases flow rates, and which is defined as:
( 1 ) The atomic percentages within the layers were determined by X-Ray Photoelectron spectroscopy measurements (XPS) and Elastic Recoil Dectection Analysis (ERDA) for hydrogen. Minority carrier lifetime measurements were made with a Sinton Consulting WCT-100 apparatus using the QSSPC method [4] . Besides minority carrier lifetime, fixed charge density was extracted from the QSSPC measurement, as described in the following section. These data were correlated with values obtained from capacitance-voltage (C(V)) measurements using a mercury-probe contact (Metal/a-SiC x :H/c-Si structures). Interface trap density was also determined by C(V). This parameter is correlated with the passivation of the interface dangling bonds by Si-H and Si-Si bonds, whose concentration is related to the peak intensity measured by XPS.
Analytical description of the surface passivation for parameters extraction

Parameters extraction from C(V) measurements
We followed a model from Nicollian and Brews [5] to simulate the capacitance-voltage characteristic in case of a Metal-Insulator-Semiconductor (MIS) structure, and to extract the fixed charge density Q f within the a-SiC x :H layer. We present here a brief overview of the calculus, which relies on this basic equation: ( 2 ) V G is the gate voltage, V FB is the flat band voltage, Q SC is the charge density in the c-Si, C I is the capacitance of the a-SiC x :H layer and S is the surface potential near the c-Si/a-SiC x :H interface.
The model consists of finding the value of the unknown S which satisfies eq. 2. With this equation, a fitting curve can be plotted from which V FB and C I values are determined. Then Q f is deduced from the expression of V FB : ( 3 ) where ms is the related metal-semiconductor work difference.
The accuracy of this model is tested with a thermal oxide grown on one of our silicon substrate corresponding to a reference MIS structure for C(V) measurement (figure 1). The model does not describe precisely the experimental points in the inversion part of C(V) curves. However, the flat band voltage and the oxide capacitance are well described.
Parameters extraction from QSSPC measurements
The extraction of Q f from minority-carrier lifetime versus injection rate characteristic is made using the extended Shockley-Read-Hall formalism. Girisch et al. [6] have developed a model already used in literature [7] , modified [8] , [9] , and based on an Insulator-Semiconductor (IS) structure, in our case, a single layer of a-SiC x :H deposited on silicon substrate. The model takes into account the fixed charge density inside the insulator Q f , the interface charge Q it and the charge inside the semiconductor Q sc . At the equilibrium, these quantities are related following charge neutrality equation:
According to the hypothesis of Brody et al. [9] , Q it can be neglected. Q SC is dependent of the quasiFermi levels n and p and on the surface potential S : ( 5 ) with (6) where all the symbols have their standard meanings. n b (resp. p b ) are the electron (resp. holes) bulk concentrations and n i is the intrinsic carrier density. The quasi-Fermi potentials are determined as:
An initial value of Q f is introduced in the calculus routine, and s is then numerically solved in order to satisfy eq 4. The aim is to fit the experimental lifetime curve ( = f( n)) by adjusting the Q f value. We thus need to describe Shockley-Read-Hall recombinations at the a-SiC x :H/c-Si interface. From Shockley equations [10] , the surface recombination rate U S is calculated using the fundamental electron and hole recombination velocity (resp. S n0 and S p0 ).
From the previously determined S value, the surface carrier densities are defined as :
U S is then expressed with all these parameters as :
Finally, the routine is processed again with Q f , S n0 and S p0 as fitting parameters until simulated and experimental lifetime curves coincide (see table 1 and 2).
Surface passivation in relation with Q f
To extract the surface recombination rate S eff we use the expression of the effective lifetime eff :
( 1 0 ) where eff and b are the effective (resp. bulk) lifetime and W the wafer thickness. The bulk lifetime for the calculation of S eff is set to 6 ms, according to the manufacturer specifications.
In terms of passivation, Si-rich a-SiC x :H reaches a lifetime at n=10 15 cm -3 of 1.31 ms on p-type and 949 μs on n-type c-Si, which corresponds to an effective surface recombination velocity of 7.5 cm. Fixed charge densities responsible for the field effect passivation were extracted using previous models. The extended SRH model applied to minority carrier lifetime is shown on figure 3 and the curves from Nicollian model applied to C(V) measurements are illustrated on figure 4. The Q f values extracted from lifetime measurements are compared to values obtained from C(V) in Table 1 . When comparing Q f values, we have to remember that the measurement conditions are different between the two cases. The lifetime curves are obtained by QSSPC measurements without any electrical contact on a single a-SiC x :H layer deposited on the silicon substrate. The C-V curves corresponds to a MIS structure with a metallic contact on the a-SiC x :H layer. From the lifetime curves fit, the fixed charge density is negative in case of n-type c-Si substrate and positive in case of p-type c-Si substrate (table 1). The defects related to fixed charge density is therefore amphoteric, as reported by I. Martin [2] . For n-type silicon, higher S n0 values (table 2) means that electrons recombine more rapidly in positively charged defects. Since the interface is in inversion regime, holes are the majority carrier. The passivation is governed by S p0 values. The situation is symmetrical in the case of p-type silicon with values of S n0 .
Moreover, we note that the Q f sign for each sample is opposite when comparing the values extracted from lifetime curves and those from C(V) curves (table 1). Besides the point that the metal coverage changes the measurement conditions, further explanation will be given on the discussion part (see figure  7) .
A major information is finally that the absolute fixed charge density increases as [C] increases. We also note that the fixed charge density calculated from the n-type silicon C(V) measurement is generally one order of magnitude above the values determined by the extended SRH model. We had difficulties to complete C(V) measurements with a-SiC x :H layers, especially for n-type substrate. Important leakage currents were observed by I-V measurements, which induced a strong increase of the capacitance inside the measured voltage range.
Characterization of the interface traps
Silicon dangling bonds which are present at the surface of the silicon substrate corresponds to additional electrical traps for the photogenerated carriers in the bandgap. The interface trap density noted D it is derived from the comparison between the experimental and simulated C-V curves using the Terman model [12] . The voltage difference is related to Q it and using the surface potential S , the model can draw the repartition of the interface traps within the bandgap. E s is the varying energy level during measurement and E f is the Fermi level (figure 5). Extraction of D it is made difficult due to the importance of the leakage current which introduces some noise in C(V) measurements, as already mentioned. We note however the increase of density of defects from about 10 10 to 10 12 eV -1 .cm -2 between [C]=0.15 and [C] = 0.24. This increase is in fact attributed to the less passivating film ( fig. 2) .
Attention is paid to Si-Si and Si-H bonds concentration within the layers, as they are responsible for filling in the silicon surface dangling bonds and, consequently, for the passivation. From XPS and FTIR measurements, we obtained the following values of Si-H and Si-Si bonding absorptions related to bonding concentrations inside the a-SiC x :H layer for each samples : Table 3 . Si-H and Si-Si bonding peak intensity for each samples 
Discussion and conclusion
Si-rich a-SiC x :H is a good passivating layer with a minimum surface recombination velocity of 7.5 cm.s -1 . This passivation is partly achieved the completion of silicon dangling bonds at the interface with H and/or Si, leading to a decrease of the interface trap density D it . The field effect due to fixed charge Q f within the layer plays also a role in the passivation.
When carbon content increases within the layer, the Si-H bonds decreases and entails a degradation of D it . The sign of the extracted fixed charge was found to be opposite when comparing the lifetimes curves and the C(V) curves. We also notice that the Nicollian fit does not converge perfectly with the experiment. This could be related to current leakage and surface states. a-SiC x :H is in fact known to be a diffi-f f cult material for capacitance-voltage measurements, since it is a weak insulator, contrary to other dielectrics like SiO 2 or SiN x :H. Then, we have to consider the fixed charges and the interface charges related to the defects in C(V) measurements. The optical bandgap of our samples, as determined by optical analysis, varies in fact from 1.8 to 2.3 eV. Without aluminum contact ( fig. 6 ), Q f values (table 1) shows that there is an inversion regime at the interface, with a-SiC x :H/c-Si structure. The resulting band bending at the interface induces a shift of the Fermi level. This leads to a change on the polarity of the charged defect at the interface. When connecting the aluminum contact, the alignment of Fermi levels of Al/a-SiC x :H/c-Si structure is different. This induces a shift of the Fermi level in a-SiC x :H bandgap ( fig. 7 ). The energy distribution of defects is then shifted from above to below the Fermi level. Finally, the situation is characteristic of an accumulation regime.
The MIS configuration used for C(V) also seems to be a limiting model since the band offsets between a-SiC x :H and c-Si are relatively low (about 0.44 1 eV) as reported in [14] and a-SiC x :H seems to be more a semiconductor than a dielectric. Charges transfer may thus happen between a-SiC x :H and c-Si.
The extended SRH formalism for lifetime fit is based on the hypothesis that the interface states are negligible as for SiN x :H or SiO 2 . But in figure 5 from Terman model, we observe that this hypothesis is not automatically suitable for a-SiC x :H. The values of the parameters describing the lifetime curves fitting model are also physically reliable and in agreement with the literature [2] [7] .
However the sign of the flat-band voltage extracted from C(V) curves ( fig. 4 ) is determined without any ambiguity and the change of sign between n-type silicon substrate and p-type silicon substrate is clear. Considering the fixed charge density and the interface charge, the Al/a-SiC x :H/c-Si structure stands thus in accumulation regime independently on the doping type of the substrate.,
The use of a-SiC x :H as a rear-side passivating layer is considered in an industrial solar cell scheme as it has been done by Suwito et al. [15] . This will be the object of a next publication.
